Changes of discharge state in inductively coupled plasma (ICP) were investigated by use of a radio frequency (RF) impedance analyzer. A voltage loaded on the ICP coil and a current flowing within the coil were plotted against the RF power, and the two curves exhibited similar patterns. The discharge states, i. e., the E mode, the H mode, and an appearance of the skin effect were inferred from the curves and a theoretical interpretation by use of a circuit model. The inference was also supported by curves of a real part of load impedance and of a load impedance phase angle versus the power.
Introduction
Low-pressure, high-density plasma has been studied according to the demand of the industrial field that needs to establish high-speed processing technology of large-area materials having ultra-fine structures [1] [2] [3] [4] . Inductively coupled plasma (ICP) discharges, which belong to high-efficiency plasma sources developed for the realization of these processes, have fairly long histories [1, 4, 5] including application to plasma chemistry. Nowadays the ICP discharges attract attentions of the industry and are used in the mass production factories, because it was recently found that the ICP discharge even under a low gas pressure easily transfers between the two discharge modes: the "E mode" in which the radio frequency (RF) electric field drives the discharge capacitively at low plasma densities, and the "H mode" in which the magnetic field induced by the RF power drives the discharge at high plasma densities [1, 4, 5] . This transition changes densities of charged particles in the plasma more than single figures of magnitude, thereby some chemical reactions in the plasma are altered [2, 3, 5] .
High-density plasmas have two specific characters as generally compared with low-density plasmas, i.e., high plasma dissociation rates of material gases and high ratios of ions to neutral radicals [1, 3, 6] . The former induces highly dissociated and concentrated plasma active species, while the latter leads to notable effects of ions on the reactions. Therefore, the application of high-density plasma may develop a new type of plasma chemistry.
Although there have already been many diagnostic techniques to measure plasma densities, a simple method for broad monitoring of the discharge states would be useful for selecting the operative conditions or controlling the process of reactions, even if no accurate numerical values are obtained.
This paper reports on a simple method for monitoring the ICP discharge state that moves between the E and H modes by using a commercial RF impedance analyzer. Some theoretical interpretation of the data curves and the related gas discharge states measured with the impedance analyzer are described.
2. Method 2.1. Monitoring System Fig. 1 shows the monitoring system in this study. An RF Plasma Generator AX-1000, hardware version 3.0, and an Automatic Impedance Matching Unit AMV-1000RA were donated by ADTEC Co., Ltd., Hiroshima.
We rearranged the matching network to a is-type circuit. The RF impedance analysis was carried out with a VII ProveTM purchased from ENI Technology, Inc., USA. The discharge system at an RF power of 13.56 MHz was assembled with the analyzer installed between the matching network and an ICP coil of a new fabricated reactor.
The analyzer was operated with a preset software in a personal computer for data acquisition.
Theoretical Interpretation of Data
When the ICP discharge is considered to be a kind of electric circuit, it can be modeled roughly as shown in Fig. 2 . We considered what the data obtained from the above-mentioned monitoring system meant on the basis of the model and attempted to explain the relationship between the data and the changes of discharge state.
At a low RF power, the ICP discharge is capacitively sustained through the electrostatic field made by charges on the low-and high-voltage ends of the coil [1, 5] . Accordingly, effective values of voltage V (Vrms ; rms: root mean square value) and current I (Arms) measurable with the impedance analyzer may be replaced by those in an RLC circuit which is composed of the plasma resistance Ra, the coil inductance Ls, and the sheath capacitance Ca. The state of the plasma coupling to the ICP coil is changed with an increase in the RF power, and the transition from the E mode to the H mode appears at a bound during the course.
At a high RF Circuit model for monitoring change of ICP discharge state. 284 power, the RF current flowing in the coil yields a quasi-static magnetic field; the changes in the magnetic field with the laps of time generate an induced electric field flowing out of the inside of the coil according to the Faraday's law of induction; thus the induced electric field sustains the discharge. Therefore, the RF inductive plasma forms a transformer coupling with the coil [1, 5] . The equivalent transformer coupled circuit can be modeled with the ICP coil inductance LS, the plasma inductance Lp, the plasma resistance Rb, and the sheath capacitance Cb. Combination of the ICP coil and the resultant plasma works as the primary and the secondary coils, respectively, while the plasma with the sheath plays a role of the load connected to the transformer.
The measurements of the V and I are to acquire the voltage and current of the primary coil. Further increase in the RF power results in disappearance of the plasma resistance and appearance of the "skin effect" which is defined as the reflection of excess electromagnetic waves over the need for sustaining plasma densities and occurs in a plasma having high electric conductivity.
The equivalent circuit is regarded as a transformer coupling connected to a condenser. That is to say, we can consider the measurements to have been made on a transformer consisting of the ICP coil inductance LS, the plasma inductance Lp, and the sheath capacitance Cb. When all the V and I were measured, we also advanced the work to determine a real part of load impedance R (S2) and a load impedance phase angle cp (°) at the same time.
A theoretical interpretation of the data was attempted on the basis of the above-mentioned circuit model. A model plot of the coil voltage or current against the RF power is shown in Fig. 3 . A typical electron density (cm-3) plotted as a function of RF power is also drawn in Fig. 3 by reference to a reported data [7] .
When a supplied RF power passes a threshold, electron density leaps in the magnitude range from single to double figures [1, 2] . This phenomenon is called the "density jump" or the "mode jump" [1, 2] . The density jump means the transition from the E mode to the H mode, i. e., from the capacitively coupled plasma (CCP) to the ICP. We presume that the transition of the discharge mode is attended with a rapid change of magnetic flux between two different stable states, like the "flux jump" in superconductive materials .
On the other hand, the curve of the coil voltage or current vs. the RF power, which would be obtained with the impedance analyzer, had three steps on the slope change: firstly an increase, secondly a decrease, and finally an increase again along RF power input. Each step can be explained by using the aforesaid three circuit models for the CCP, ICP, and skin effect states with aid of some related equations [5] . Accordingly, we are able to know the shifts not only in plasma densities without any calculation but also to the skin effect under which no further increase in an RF power contributes to a rise in plasma densities. (02) plasmas. The former plasma is well-known for high efficiency of power absorption, and the latter is one of the representative electronegative gases. The results in Fig. 4 show that the voltage and the current gave completely similar curves for both plasmas.
Incidentally, it should be notified that a conventional high voltage probe was also usable to obtain voltage data similarly to those obtained with the impedance analyzer in respective plasmas.
The curves of Ar were drawn closely following the model curve. The discharge luminosity was extremely intensified with increasing RF power, while little change occurred in the color. Both voltage and current had the maxima at an RF power of 20 W and the minima at 65 W. The results can be referred to Fig. 3 and indicated that the Ar plasma transferred from the E mode to the H mode and manifested the skin effect.
In the case of 02 plasma, the discharge color shifted from white to pink as the RF power was raised: white color below 250 W, pinkish white between 300 and 400 W, and pink at 400 W or above. This shift implied yielding of atomic oxygen, which gave pink color to the discharge emission. It was suggested that the power below 300 W was consumed not only by plasma dissociation but also by production of negative ions, while the RF energy above 300 W contributed exclusively to further dissociation and enhanced the plasma density.
Since the slopes of the experimental curves are similar to those of the model except for the skin effect, these conjectures agree well with the mode change obtained from the theoretical interpretation.
The same measurements as Ar and 02 were carried out with regard to water vapor (H20), perfluoromethane (CF4), and their mixture (CF4+H2O). When appropriate energy is supplied, the mixture leads to the following reaction.
CF4 + 2H2O --~ 4HF + C02 As shown in Fig. 5 , every gas had the voltage and the current curves that were also similar each other. Both curves of the H2O plasma, except for the lower maxima, are nearly the same shape as those of the 02 plasma.
As the RF power was increased, the discharge color that was violet below 200 W started reddish coloring above 200 W, and was settled in pink or reddish violet at 400 W or above.
The discharge luminosity was strengthened at 250 W or above, while the luminous space tended to be narrowed at 450 W or above.
The results indicate the following inference: the plasma dissociation progressed rapidly yielding atomic oxygen above 200 W; the advance in plasma density proceeded below 400 W; the skin effect appeared at 450 W or above. This inference coincides with the explanation for the discharge state based on the circuit model, i. e., the transformations from the CCP mode to the ICP mode at the maximum of the model curve and from the ICP mode to the skin effect manifestation at the minimum.
On the other hand, both voltage and current curves of the CF4 plasma exhibited simple increasing lines.
Both curves show the well-known low-decomposition property of CF4 as difficulty in reaching the high plasma density. Nevertheless, the discharge color got blue and further bluer as the RF power was raised, therefore the advance in dissociation of fluorine was strongly suggested at 350 W or above.
The plasma of CF4+H2O showed a faint whitish violet color at a low power.
With an increase in RF power, its violet color got deeper and its luminosity was strengthened. The color was bluish above 200 W and white with bluish violet above 350 W.
The luminosity grew conspicuously above 350 W and was further enhanced at about 500 W or above. Plasmas of fluorocarbons generally change in color from violet to white via blue as the dissociations advance. Therefore, the CF4+H2O plasma seemed to transfer to high-density state at 350 W or above, because of the specific conversion of color and the remarkable rise in luminosity.
This assumption agreed well with the theoretical interpretation of the experimental curves on the change of the plasma density.
As mentioned above, the advancement in density of the H2O plasma occurred in the power It is familiar that activation energies necessary for an abstraction reaction of a hydrogen atom by halogen radicals are lower than that by other radicals, so that the reaction by halogens will easily take place [8] . The reaction seemed to be significantly accelerated by the increase in plasma active species over a certain level. From another viewpoint, it was suggested that the higher plasma density promoted the hydrolysis of CF4.
The results shown in Figs. 4 and 5 represented that the curves according with the circuit model could be obtained by plotting the coil voltage or current against the RF power.
Therefore, the plasma discharge state could be presumed from the curves, even when the plasma gas was a mixture involving an intermolecular reaction.
Real Part of Impedance
It is known that the real part of impedance on a plasma surface is proportional to an RF power absorbed by the plasma [1] . It is also found that a poor power transfer to a plasma at very low and very high densities is analogous to the well-known property of an ordinary transformer with an open and ashort-circuited secondary winding [5] . The real part of load impedance (ohmic resistance) as a function of RF power in Fig. 6 implied the relationship between the discharge mode determined by use of the circuit model and the absorbed power or the power transfer efficiency. The noticeably growing resistances were shown above 20 W of the Ar and 300 W of the OZ plasmas, while either power gave the maximum voltage and current. It is clear that the RF energy was remarkably absorbed with the rising density under the ICP mode. The resistance of Ar was then conspicuously reduced via the top at 75 W and 80 W, although the minimum voltage and current were obtained at 65 W. It can be judged that the skin effect caused the fall in power transfer efficiency. These results show the coincidence of the shift in plasma discharge state between the theoretical interpretation of the coil In the cases of H2O and CF4+H2O plasmas, marked augmentation in increase rates of the resistances was observed above 250 W and 350 W, respectively, at which each of the plasmas had the maximum voltage and current. However, the resistance of the CF4 plasma having no maximum either in the voltage or current curve was consistently reduced as the power was increased. Such reduction partially appeared in the 02, H2O, and CF4+H2O plasmas under lower power. The resistance curve of the CF4 plasma seemed to be explained as the initial segments of the resistance curves. The result suggested the other side that the power transfer efficiency was enhanced by the addition of water vapor to the CF4 plasma.
From the data presented above, it was obvious that the resistance change depending upon the power justified the interpretation of discharge states based on the circuit model by use of the voltage and current curves, regardless of the plasma material such as a single gas or a mixture gas accompanied with an intermolecular reaction. suggested that the rises in density of the plasmas coupling to the ICP coil as a transformer in the H mode led to the increase in electric conductivity; thus the load impedance was reduced and the inductivity on the circuit was weakened.
With the increase of the RF power, the phase angle of the Ar plasma was decreased to ca. +83° at 65 W, reached the bottom of +82° at 150 W, and displayed a tendency to rise gradually above 150 W, while the coil voltage and current at 150 W obviously had passed through the region including the small maxima at 20 W and the minima at 65 W. Since the slight increases in the voltage and current were observed in spite of the prominent maximum resistance, the mode of energy consumption seemed to be transformed in the power range 75-100 W. When very high plasma density has induced disappearance of resistance, the plasma density is sustained by enough ionization energy supplied by collisionless heating processes [1, 2, 4, 5, 9] . The heating processes are called "stochastic heating" and the "anomalous skin effect" and have already been verified theoretically [9] . Therefore, the discharge in the range from 75 to 100 W seemed to be in a transition period of the main energy transfer system from a collisional heating process called "ohmic heating" to an appropriately mixed process. It was surmised that the complete mixed heating process kept the density high and the inductivity as the transformer coupled circuit was strengthened at 150 W or above, although the inductivity grew gradually because of the fall in power transfer efficiency by the skin effect.
The phase angles of the H2O and CF4+H2O plasmas began to be reduced from about +89° as the power was increased, within the range of 250-300 W in the former and at 350 W in the latter, while these powers gave the maxima in the voltage and current curves. In contrast to those plasmas, the phase angle of the CF4 plasma was increased consistently with the power, whereas no maximum point in either voltage or current curve was exhibited.
The angle reached ca. +89° and began to be constant at 350 W, when the discharge started being bluish. The whole of the CF4 curve was characterized as the shape of the other four curves observed under the lower power region. The angle curves of H2O, CF4, and CF4+H2O indicated the same relationship between the phase angle and the discharge state as those of Ar and 02. The results suggested that we could know the state of plasma discharge by monitoring the impedance phase angle irrespective of the sort of plasma 
Conclusion
We have described the simple monitoring of the ICP discharge state using the RF impedance analyzer and all the results lead to the following conclusion:
(1) The changes of plasma discharge state were related to the ICP coil voltage and current curves versus the RF power. (2) The appearance of the skin effect in high-density plasma was detected as the reduction of the real part of load impedance under the rising RF power. (3) The process of the increase in plasma density was observed from the change of the load impedance phase angle as a function of RF power. (4) The advance in plasma density promoted the hydrolysis of CF4. (5) The transfer efficiency of RF power into the CFq plasma was enhanced by the addition of water vapor.
